Oceanic structures such as mesoscale fronts may become hotspots of biological activity through concentration and enrichment processes. These fronts generally attract fish and may therefore be targeted by marine top-predators. In the southern Benguela upwelling system, such fronts might be used as environmental cues by foraging seabirds. In this study we analyzed high-frequency foraging tracks (GPS, 1 s sampling) of Cape gannets Morus capensis from two colonies located on the west and east coast of South Africa in relation to mesoscale fronts detected on daily high-resolution chlorophyll-a maps (MODIS, 1 km). We tested the association of (i) searching behavior and (ii) diving activity of foraging birds with mesoscale fronts. We found that Cape gannets shift from transiting to area-restricted search mode (ARS) at a distance from fronts ranging between 2 and 11 km (median is 6.7 km). This suggests that Cape gannets may be able to sense fronts (smell or vision) or other predators, and that such detection triggers an intensified investigation of their surroundings (i.e. ARS). Also we found that diving probability increases near fronts in 11 out of 20 tracks investigated (55%), suggesting that Cape gannets substantially use fronts for feeding; in the remaining cases (45%), birds may have used other cues for feeding including fishing vessels, particularly for gannets breeding on the west coast. We demonstrated in this study that oceanographic structures such as mesoscale fronts are important environmental cues used by a foraging seabird within the rich waters of an upwelling system. There is now need for further investigations on how Cape gannets actually detect these fronts.
INTRODUCTION 55 56
Oceanic circulation and light availability play a key role in structuring 57 ecosystems throughout the oceans. Oceanic circulation is crucial to supplying 58 nutrients to the layer that light penetrates, and thereby sustaining and shaping primary 59 productivity of marine food webs. Depending on the size, life span and diet of marine 60 species, primary production may constrain the distribution of marine species across 61 various spatiotemporal scales (Longhurst 1998) . Hydrodynamic features -from larger 62 scales (100s km) to smaller scales (e.g. mesoscale, 1-2 km to 100-200 km) -are 63 known to drive the distribution and foraging patterns of top-predators because the 64 predictability of prey is higher in and around these structures (Weimerkirch 2007) . It 65 has been well documented that large convergence zones (e.g. polar front) correspond 66 to foraging areas of marine birds and mammals (review by Bost et al. 2009 ). At 67 smaller scales, dynamic mesoscale structures such as eddies, vertically-structured 68 fronts and filaments are essential to the enrichment, concentration and retention of 69 nutrients and planktonic organisms in surface waters (Bakun's triad, cf Bakun 1996) 70 which attract and shape the aggregation patterns of plankton-eaters such as small 71 pelagic fish (Bakun 2006 , Bertrand et al. 2008 , Sabarros et al. 2009 ). Mesoscale 72 structures are considered as major attracting features for large predatory fish (Young 73 et al. 2001 , Seki et al. 2002 , marine mammals (Campagna et al. 2006, Cotté et al. 74 2007) and seabirds (Nel et al. 2001 , Weimerskirch et al. 2004 , 2005 , Ainley et al. 75 2005 , 2009 , Hyrenbach et al. 2006 . 76
How top-predators find these structures -notably fronts -still remains poorly 77 understood. Nevitt (2000 Nevitt ( , 2008 showed that a range of seabirds (procellariiforms) 78 track and capitalize on fronts across different scales using olfactory and visual cues. 79
Procellariiforms navigate at large scales by following odor compounds (e.g. dimethyl 80 sulfide) that are released by plankton organisms that accumulate at fronts. Once in the 81 visual range of fronts, procellariiforms may locate and dive onto fish patches. Only a 82 limited number of studies investigated the association between particular foraging 83 behavioral patterns in animal movements and environmental features. For example, 84 Trathan et al. (2008) showed that king penguins at South Georgia concentrate their 85 foraging effort to water masses with a particular temperature range, and Tew-Kai et 86 combination of high-precision individual GPS tracks (1 s sampling) of Cape gannets 123 and high-resolution daily maps of chlorophyll-a (1 km) provided by MODIS on which 124
we have identified mesoscale fronts (with edge detection algorithm). We assume here 125 that chlorophyll-a fronts are a proxy for the occurrence of seabirds' prey as shown in 126 various studies (e.g. Ainley et al. 2005 , Bakun 2006 , Sabarros et al. 2009 . From GPS 127 tracks we have extracted the bird's searching behavior (i.e. area-restricted search 128 ARS) and feeding activity (i.e. dives). We use our datasets to test associations of (i) 129 searching behavior and (ii) diving activity with the presence and location of 130 mesoscale fronts in the Benguela upwelling system. We expect that the proximity of 131 fronts will induce intensified search patterns by Cape gannets and that feeding activity 132 will be concentrated around fronts. 1.8% of the body mass of an adult gannet, which was below the 3% limit 144 recommended for deploying loggers on flying birds (Phillips et al. 2003) . Loggers 145 were attached to the base of the tail (below the preen gland) on three central tail 146 feathers with waterproof Tesa tape. This attachment method did little damage to the 147 plumage and the tape could be removed entirely upon recapture (Wilson et al. 1997) . 148
Handling lasted 4 to 10 min from capture to release. Nests were then monitored 149 regularly from 6h00 to 19h00 (South African standard time) until the bird returned. 150
The loggers recorded the position of the bird with an accuracy of 1-3 m, its speed, and 151 additional precision parameters (e.g. number of satellite signals received, dilution of 152 precision: DOP) every second. We selected the tracks that could be associated to 153 chlorophyll-a maps of decent quality (see "Chlorophyll-a data" part). We used a total 154 of 20 individual GPS tracks (no pseudo-replication) of which 9 were recorded on the 155 west coast at Malgas Island, Saldanha Bay (33°03'S, 17°55'E) and 11 on the east 156 coast at Bird Island, Mandela Bay (33°50'S, 26°17'E). Tracks are shown on Figure 1  157 and a summary of the track characteristics is provided in Table 1 . 158 159
Seabird foraging activity. 160
Area-restricted search (ARS). ARS describes an intense search activity performed 161 by a foraging animal that can be useful to study foraging activity and preferential 162 feeding grounds (Fauchald 2009 , Tremblay et al. 2009 ). ARS behavior can be inferred 163 from animal movement data using the fractal landscape (FL) method (Tremblay et al. 164 2007) . FL is based on the computation of a fractal measure: the fractal dimension D. was performed using the divider method, following Nams (1996) . Straight pathways 170 are characterized by a D that is close to 1. D increases with track convolutions and 171 can readily detect intense foraging patterns characterized by frequent turns and 172 resultant tortuosity. In FL, the peaks of D found along the path represent the ARS 173 behavior (Tremblay et al. 2007, Sabarros et al. in prep) . 174
Feeding activity. Cape gannets generally plunge dive from the air to catch prey 175 underwater, but occasionally perform surface-dives when sitting at the sea surface 176 (Ropert-Coudert et al. 2004 ). Dive durations generally average 2-5 s but dives > 5 s 177 may occur (Ropert-Coudert et al. 2004 , Pichegru et al. 2007 . When a GPS receiver is 178 submerged it stops collecting information sent by the satellite(s) since the signal is 179 lost. We used high-frequency tracks (1 s) to infer the location and duration of dives 180 from the interruptions in GPS signal. Dives were defined as interruptions > 1 s and < 181 30 s. Interruptions > 30 s are likely due to satellite signal reception problems or 182 receiver malfunctioning since Cape gannet maximum dive duration is 22 s (Ropert-183 Coudert et al. 2004) . Dive locations were assigned to the location fix preceding the 184 interruption of the signal. We rechecked every dive profiles (including speed and 185 signal reception) and found out that 95% of the interruptions in the signal >1 s and < 186 30 s corresponded to either plunge dives (see details in Supplementary Material S1) or 187 surface dives. 188
189
Chlorophyll-a data. Table 2 . The estimation for β significantly differs from 0 in 11 out of 20 291 tracks (55%, Tab. 2). This suggests that diving activity is significantly linked to the 292 distance of fronts in slightly more than half of the cases. This is illustrated in Figure 5  293 (example of track B1) by the negative relationship between the probability of diving 294 Pr (Dive = 1) and the distance to the nearest front d. Diving probability increases with 295 the proximity of fronts (Fig. 5 for track B1, see Supplementary Material S4 for the 296 other tracks). The probability that a dive occurs at the exact position of a front (i.e. at 297 d = 0) ranges from 0.56 to 0.87, with a median value of 0.69 (Tab. 3, Fig. 6 ). For 298 cases where the diving activity is not linked to fronts (45% of the tracks) this 299 probability ranges from 0.37 to 0.62 (median is 0.44, Tab. 2) and only varies 300 marginally with the distance of fronts (see Supplementary Material S4). When 301 comparing regions, we find that diving activity is significantly linked to fronts in 44% 302 of the tracks (4 out of 9 at Malgas Island) monitored on the west coast in contrast to 303 64% (7 out of 11 at Bird Island) on the east coast (Tab. 2). Cape gannet on the local environment and for example give indication on where to 358 concentrate its attention. Encountering by chance predators that seem to be heavilysearching for prey may drive a Cape gannet to initiate ARS. The predators used as 360 cues by Cape gannets may be located more or less close to a front or may not even be 361 associated to any front. This provides a possible explanation for the great variance 362 that characterizes the distance to fronts at which Cape gannets shift from transiting to 363 ARS. Finally, fronts are highly dynamic features and because the time lag between 364 the chlorophyll-a snapshots (daily maps) and the bird's positions reached 24 h in 365 some cases, this could be a source of error that would also explain the observed 366 variability in the behavioral shift distance. 367 368
Fronts: selected feeding grounds 369
Diving activity and by extension feeding activity of Cape gannets increases near 370 fronts in a substantial number of the GPS tracks investigated in this study (55%). 371 Fronts appear to be preferred feeding locations on these tracks, as the probability of 372 diving at fronts averages 0.7 (and is always higher than 0.56). As partly argued above, 373
Cape gannets may use a combination of olfactory and visual cues at smaller scales to 374 locate prey patches in the vicinity of fronts (comparably to procellariiforms, Nevitt 
Use of other cues 386
Diving activity was not increased near fronts compared to other locations in 45% 387 of the birds (N = 9/20) even though these birds exhibited a shift in searching behavior 388 that was related to fronts on larger scales. The probability of diving near fronts ranged 389 around 0.5 (0.37-0.62), indicating that diving was not linked to fronts. These birds 390 may have initiated ARS when detecting fronts but they probably used other cues for 391
feeding. There are a few possible explanations to that. Feeding activity may not be 392 associated with fronts in that case because these birds may have encountered patches 393 of prey in locations that are away from fronts while transiting for example 394 (Weimerskirch 2007, Sabarros et al. in prep) . These Cape gannets may also have 395 found patches thanks to successful foraging congeners or other species (e.g. other 396 seabirds species, subsurface predators). Finally this may suggest that birds have 397 interacted with trawler boats like northern gannets in the UK (Votier et al. 2009) . 398
Bottom trawlers in the southern Benguela generally fish along the continental break 399 shelf regardless of surface mesoscale fronts (see Fig. 1 in Grémillet et al. 2008) . 
